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ABSTRACT

This chapter discusses the develcpment of current state-of-the-art corrputa-
tioral methods used in the United States for analysis of core meltdown accidents
(Hmothetical “ore Disruptive Accidents) in UFBRs. The erphasis is on the
rhencrenclogical basis and mumerical methods of the codes SAS, VEUS-1I, SCMER.
and RE‘CO.

1. CTRODUCTION

The develcpment of cormputational methods for Liquid-!etal Cocled Fast-
Breeder Reactor (LUFBR) accident analysis has long been dominated by the diffi-
cult problam of core melt, disassambly, and possible primary systan darage. Al-
thouzh other LR malysis methods also are important in assuring ~ublic safety,
this chapter will discuss only the computer methods used in the mechanistic
analvsis of LT3R core meltdown, i.e., the Hvpothetical Core Disruptive Accident
(HCDA) .

Over 20 vears of development from the initial Bethe-Tait method! have pro-
vided increasingly canplex cormputer codes that tax the fastest corputers avail-
able. These codes; simthesize the ever improving understanding of kasic accident
rhencrena into a consistent analytical framework based on fundarental conserva-
ticn laws. Experience has shown that many of these phenomena are corplex and
hi:shly interiactive (see Chapters 14-15). Furrhkermore, our 'mderstandisg of them
rests larpely on stall-scale experiments that often are performed with simulant
materials. In many cases, direct cxperimental data are wobtainabls, Thus,
lar;e mecharistic codes must be able to provide reliable and carpreliensive pre-
dicticns of full-scale accident behavior.,

Because the primary soditm in an L'FBR operates at low (nearly atmospheric)
pressure, systam desipn can preclude a corplete loss of coolant and cere uncov-
cring as the initiator of a wnole-core melt. The only accident initiators that
can lead Yo whole-core melt are (1) transients combined with failure to shut
down (scram), (2) shutdown loss of decay heat rumoval, (3) core-wide failure
propagation (such as initiated by local flow blockages), and (4) rapid and larpe
reactivity insertions exceeding prctective systam response. Proper Jesiyn can
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virtually elminate all of these; tut meltdwns initiated vy &t least coe of
these mechanisns are usually considered in licensing evaluations. In the LS,
the two transients that have received the mest attention are the loss-of-flow
and the transient overpower accidents.

Although muiy codes live been developed frr HCDA :malysis, we will concen-
trate on the phenomenological basis, mmerical methods, ard experimental verifi-
cation of rhe ma_]oi whole- care 4cc1dunt axaalvsxs codeq nr code series u:.crl in
t'te LS, 1 VENU‘-‘, SIH.rR ard REXCN. 10 jtera or siv Llar colog
are bei.ng use« in iew_ral cu .LLric; for LFBR_..CDA dnalysi.-.. Ccher US codew,
such as MELT-III,}l TwopooL,12 and VERLS-11113 provide import:ait sippiementary
analysis capablllc:.es but will not be discussed in detail here.

It is extremely difficult to calculate in detail meltdown saquences from
initiation through complete cessation of sipgnificant material motion in the
primary system. Indeed, this goal has not yet been accomplished. However, the
mechanistic methods noted above can now track sequences until neutronic events
and the resulting energetics are largely over. For most cases, the primary re-
maining aralysis problem is to assess the potential for melt-through of the
vesscl, Although the available methods provide a mechanistic framew.-k for
analyzing the energetics of accident sequences, there remain modeling limita-
tions and uncertainties. There is a strong need for experimental verification,
particularly of the modeling of the cormplex process of gradual core disruption.
In addition, SAS and STIIR are very long ruming. Their use in a production
mode for many calculations is practizal only on the largest carmputers.

2. CORE DISRLUPTION ACCIDENT SEMLEXNCES

Before discussing the details ~f the codes noted above, it is useful to
discuss their historical development as related to the phenomenology imvolved
in whole-core-disruptive accident sequences. The details of core disruptive
accident phenamenology are presentec in Chapters 14-16. The purpose of this
section is to review HCDAs fram the viewpoint of mechanistir computer code de-
velopment. In addition to the two-phase-flow phenomiwlogy tvpical of Light-
Water Reactor (L“R) accident analysis, LMrBR meltdown accident calculations
rust focus on reactivity events. Motion of any of the core materials (sodium,
steel, fuel, and control) can have a sijnificant reactiviry effect. Fuel can-
paction, rhe concern of the original Bet:he-Tait analysis,l has a potential for
le !ing to severe excursions. Conversely, outward redistribution of fuel 1is
the only way to achieve a permanently shutdown neutronic state unless control
rods are inserted into the core during the accident sequence. The tight cou-

pling of the complex :aterial motions with reactivity effects demands consider-
able care in the modeling,.

Until about 1973, HCDA sequences usua’ly were analvzed in the four rela-
tively unique phases, shcwn in Fig. 1 and discussed below.

2.1 Accident Initiation

This phase of a mecharnistic accident analysis irvolves a calculation of
the core neutrimics and thetmal behavior to the point of loss-of-subassembl,
geametry. Berause most IMFBR desipns us~ ripid subassambly ducts, intact sub-
assamblies are coupled only through inlet and outlet thermal- hydr“ ilec condi-
tions and through reactor power. Subassemblies with similar nower, flow, and

irrvadiation conditims are penerally, althouph not necessari 1) meed together
in groups. All the gubass:mblies within a given group, or c{uamel " are



Intact Suhassembliey

- — -

1}

DICAS.."MBLY

ACCIDENT INIT'ATIO.\T]

=

Whole-Core Hydrodynamic Treatment

i

DAMAGE EVALUATION

Work-Energy and System Resnonse

]

POSTACCIDENT HEAT REMOVAL

Debris Disposition and Coolability

Fig. 1. Traditional approach to mechanistic accident analysis.

assumed to behave idantically. Phenamena such as transient thermal-hvdraulics,
sodium boiling, fuel-pin mechanics and fiilure, cladding and fuel motion, and
fuel-coolant interactions are treated with one-dimensional models Figure 2 de-
picts this kind of multichannel core reprecer:zarion.l® Tre rultichammal SAS
codes (SAS2A aTg its succeigors) were preceded in the US by ralticharmel ccdes
such as FREAM*’ and TART. These earlier codes included simple parametric
rodels, particularly of sodium voidirg, and were designed to allow a ieasonably

Fig. 2. Multicharmel core representation in a one-dimensionul model.
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realistic but conservative accounting o. reactivity effectf for input to the core
disassembly codes available in the late 60s, such as MARS. 7 At that time in

the US, HCDA aralysis was focused on 1000 *Ne-sized reactors, and accident se-
quences were cdardnated by high reactivity insertion rates due to large, positive,
sodium void worths. These enrly multichamel codes led to the reccgnitio . that

a mechanist ie treatment of noucoherence of sodiim voiding among subassemblies of
varying initial power and solium flow was import.ut,l

2.2 Disassembly Analysis

A ''classical' disasscmbly typically begins when a prompt-critical neutronics
excursion is induced. The resulting rapid heating and vaporization of the fuel
produce relatively high pressures that disassemble the core, i.e., move the fuel
autward rapidly, and thereby end the power burst. This disassembly process was
first described by the Beche-Tait model. In this approach, the core was treated
as a homcgeneocus fluid so that the material motion du-ing disassembly could be
calculated using a hydrodynamic approach. The orjizinal Bethe-Tait calculations
were lone in spherical geometry. The reactor power was calculated using jpoi-t
kinetics with first-order perturbation theory .o estirate the reactivity feed-
back assoclated with the material motion. Apalytic approximations simplified
the equations so that hand calculations could be made. The method was later
codified in the Weak Explosion code.l9 At about the same time, methods using
numerical solutions of one-dimensional hydroovnar%cs and neutron transport
equations were developed, such as the AX-1l code.2

Variations and improvmmtsn .. absequentiy were made to the basic Bethe-
Tait approach. Doppler feedback was included, irprovemints were made to the
~quation of state used to estimate the pressures, more accurate neutronics was
irplemented in some cases, and the capability for doing hydrodynamics calcula-
tions in rwo-dimensional (r,z) geametry was added. A : mber of disassembly
carputer codes were developed in the US as successive improvements were made,
with VENUS-I17 now “eing the most used of these classical disassembly codes.

2.3 Damage Evaluation

During or following reactor disassembly, thre rate at which Lhe thermal
energy released in the transient can be converted to kinetic energy (work) must
be established. This is needed to evaluate the damage that the excursion might
cause to the systamn, Work can eiLher come from the expansion of the ccre mate-
rials themzelves or fran the interaction of these materials with the sadium
coolunt causlnyg its consequent vaporizatim and expansion. Early studies of
the lmnpe potential of core-disruptive accidents assumed that the work on the
surrounding reactor strnutrres would be done by the expanding fuel materials
only. The magirum work potential was evaluated by isentroplic expansion
calculations. -

As larger oxide-fueled reactors were considered, it was recognized that
the transfer of heat fram the high-temperature fuel to the sodium could consig-
erably increase the potential work available to do damage. Hicks and Menzies 3
calculated the maxdmum work potential that could result if heat transfer to the
sodium were extramely rapid. Because very high hcat-transfer rates had been
observed in reactor accldents and experiments (SL-1, SPERT) attention turned to
predicting these rates by assuming frapmentation of the fuel into sodium. Tn-
itially, this wac done parametrically bv varying the fuel particle size and
mixing time and calculating the resulting heat-transfer rates as a basis for
assessing damage potential. Early results of this type of calculation were



reported by Cho, et a]..24 and Padilla.25 A review of the historical dcelo;.vent
of work-energy c-mversion is available in Ref. 26.

Once the pressure source term is established, the response of the sysien
can be analyzed. This usually is done with a hydrodynauic calc:lation of the
pressure propagation coupled with an analysis 535 the structural response of the
important system components. The REXCO seriestV of codes is widely used in the
US for this purpose. The initial versions of REXCO used hydrodynamics methods
similar to those alreadv in use?7 at the los Alamos Scientific laboraiory (TASI)
and Lawrence Livermore Laboratory (LLL).

2.4 Postaccident Heat Removal

The final phase in HCDA analysis (excluding contaimment and consequence
analysis) is an evaluation of postaccident heat removal (PAHR). The objective
is to ar.lyze the long-term decay heat removal from the fuel following a dis-
ruptive accident. This has mainly taken the form of defining possible post-
disruptive fuel dispositions and of analyzing the subsequent coolability. The
disposition of core materials ard the required measures to assure cooling of

the core debris are, of course, dependent on the reactor design under
caisideraiion.

Detailed mechanistic analysis methods are not vet in comon use for this

rroblem and ve will not discuss this area further. Reviews of the phenomenology
are available in Ref. 28.

2.5 Gradual Core Disruption and the Transition Phase

The relatively clear-cut separation into the phases discussed above has
disappeared with more detailed analyses. As initiating-phase models improved,
the resulting initial ruclear excursions became progr.ssiveiy milder, largely
due to the mcre accurate representation of intersubassermbly noncoherence. This
noncoherence arises mainly from carefully accountiag for the differeres in
power level and coolant f'~w rctes among the subsssemblies. Tlie net re<ult of
this is that calculated accident sequences tend co proceed into a graduai melt-
down of the core, instead of erdir'g in a vigorsus disassembly excursion. Thas
does not mean that a disaszembly exc'wrsion ~amot be induced at same point in
the accident, but nerely that it is uniikelv in the early stages of core melt-
down. Another important reason for considering milder accident progressions
was the concentration in the US on the Fast Flux Test Farilicy (FFIT) and the
Clinch River Breeder Reactor (CRBR) reactors with positive sodium void worths
much smaller than the 1000-iWWe raactors emphasized in the middle-to-late 1960s.

As an example, a characterization of the CRBR unprotected loss-of-flow
(ULOF) accident (assuming a prelrradiated core) consists of (1) undercooling
of the core; {2) sodium boiling and mild power increase leading both to cladding
melting and relocation and to cladding failures in partially voided and non-
voided subassemblies; (3) fuel swelling, slumping, and/or dispersal driven b,
fission gas and sodium vapor; and (4) melting of subassembly cans initiating a
"transition phase' of ﬁradual disruption. This latter phase is characterizel
by steel relocation and vaporization and fuel meltiny and motion until no core
fuel subassembly structures remain intact. In this kind of accident sequence,
reac%vit:y insertion rates from sodium boiling are only a few $/s at the high-
est. Similarly, cladding and fuel motion in intact sub: semblies typically
leads to at mosr a few $/s. [Lven in larger reactors with .4rge posit.ve sodium



void reactiviiies, moximm positive volding reactivity rates from normal boiling
are given as only a few tens of $/s30 by SAS3A calculations.

The definition of the transit icii phase led to the more generic accident
progression diagram show in Fig. 3. The progresuion from initiating phase to
a classical disassembly is included as is the gradual core disruption of the
transition phase.

In the transition phase, a subassanbly su.cessively progresses through
coolant voiding and melting, generating pressures generally too low to cause
a massive dispersal of molten fuel from the core region. The subassembly can
walls melt quickly, and growing regions of molten fuel and steel begin to form
in the hottest portions of the core. This stage of the accident is likely to
be accampanied by a number of mild excursions induced by contirmued slumping in
successively lagging subassemblies and by the re-entry of fuel that was tempo-
rarily dispersed by mild pressurizations. Recent SIMER-II calculations3l in-
dicate that excursions occur with only a few tens of $/s for maximum reactivity
insertion rates in the CRBR ULOF transition phase, but these increase as more
subassemblies become involved.

The neutronic events in this sequence can be terminated by three mechanisms.
First, the transition phase can end relatively benignly with gradual fuel removal

ACCIDENT INITIATION EARLY TERMINATION

Intact Subassemnblies In-place Cooling T

CORE DISRUPTION PHASE
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Core Disruption
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Fig. 3. Camprehensive accident progression diagram.



by mild expulsions, meltout processes, or both. Second, a tottled core blow-
down can occur, in which a molten core completely contained by the surrounding
structure gradually heats and pressurizes due to decay heat generation and/or
mild neutronic bursts, then blows down (expands) following sudden opening (due
to melt-tirough or mechlanical (xilure) of the surrounding structure. Thixd,
the rapid expansion folloving sufficiently energetic neutronic excursions can
remove sufficient fuel from the core to leave the reactor permanently shut down.

A developing area of analysis has been the calculation of the extinded
motion or core expansiun following either a disassembly-type excursion or a
bottled-core blowdown. SIMFR-II calculations32 of postdisassembly expansions
have indicated considerably reduced thermal to-kinetic-energy (work) comversion
efficiencies campared tn the more corventicnal isentropic espansion calcula-
tions. SDMER-II can bridge the analysis areas between SAS and REXCO be-
cause of its ability to (1) follow directly from SAS initiating-phase calcula-
tions into a transition phase (possibly includ several neutronic excursions
and progressing to a campletely disrupted core,3l (2) follow the extended mate-
rial motion after these excursions, and (3) determine pressure loadings on the
system.

A difforent path to termminating a disruptive accident sequence bafore
either a disassambly or a transiticn phase was first noted during the analy-
s1s33 of unprotected transient overpover accidents (UTOP) in the FFIF and is
indicated by the "early termination" path in Fig. 3.

A UTOP accident can be characterized by (1) pins falling before any sodium
boiling, (2) the ejection of molten fuel and fission gas into flowing liquid
sodium, (3) localized volding by expanding fission gas and sodium vaporiza-
tion, (4) dispersal out of the active core of same of the ejected fuel, and
(5) some freezing of molten fuel but inccmplete plugging of coolant subcharmels.
If the reactivity insertion driving the overpower ceases, then the fuel sweep-
out can lead to a neutronically stable condition with in-place coolinz of the
remaining fuel debris and unfailed pins. Comversely, contirmuation of the driv-
ing reactivity or a lack of adequate in-place cooling could lead to wtiole-core
involvement. If a transition phase developed, it would imvo!ve considerably
different cor 'itions than a ULOF because full coolant flow would contirue, at
least in und ..ged channels, and all charmels would experience the full-core
pressure drop. Generally, trensition phase behavior for a UTOP initiator hus
not been examined in any detail.

With the above as background, we now examine some of the specific codes.
The following code descriptions include brief discussions of the numerical
methods used to solve the equations. Same introductory information on rmumer-
ical methods is presented in Appendix A. This includes defining some of the
key terms used in the various code descriptionms.

3. THE SAS ACCIDENT INITTATION CODES

The SAS codes represent a long development fram the single-charmel SAS1A
version through SAS2A, SAS3A, SAS3D, and SAS4A (soon to be campleted). This
development, as for other IMFBR accident analysis methods, proceeded without
the benefit of an adequate phencmenolo%ical data base. As might be expected,
this resulced in some significant mode &Elg geficiencies when campared to ex-
perimental data, although the successes '35 with some of the early models were
fratifying given their ad hoc nature. The early models also have tended to
ose credibility because of mumerical deficiencies, particularly as their scope
was extended into analyzing more slowly developing accident sequences. In the
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initial developments, to cu.:re ¥ ltar and Padil]a,h "attention to mathematical
solutions was normally only given to the degree necessary for obtaining a stable
and accurate, but not necessarily efficient, numerical solution."

SASlA2 was a single-charmnel code that included point reactor kinetics; a
combination of anmular slip two-phase flow and siugle-bubble slug-boiling
models; 3 ?n elastic-plastic cladding and elastic-fuel deformation model,
DEFORM-I;3/_a transient fuel-pin heat-transfer moel; and an internal switch
to the MARSY/ disassembly module.

The soiium-boiling mode]l was later completely rewritten as a multibubble
slug-boiling model for the multicharmel SAS2A version.3 A new fuel-pin deforma-
tion module, DEFORM-II,”® also was included in a version of T7S2A. SAS?A did
not include the MARS disassembly module but provided punched output that could
be used as input for initial conditions in the VENUS-II disassembly code.

The phenomenological structure of SA83A is showB in Fig. 4. %ASJA4 con-
tained the first models, such as CLAZAS,39 SAS/FCI,%0 and SLUMPY,%! to allow
complete calculations of cladding and fuel motions into the transition phase.
SAS3D used the same models but restructured the code for more mumerical effi-
ciency and to allow up to 35 charmels instead of the 10 allowed in SAS3A.

SAS4AS is a new code with a new sodium-boiling module and with CLAP,42 PLUTO2,43
and LEVITATE%*+ replacing the equivalent models of SAS3A and SAS3D. Here we will
concentrate on the developments through SAS3A but will relate the newer models
of the not yet released SAS4A to the earlier ones as appropriate.

Fig. 4. SAS3A module relationships.
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3.1 Sodium Boiling

The sodium-boiling model used in SAG3A and SAS3D began as a new version ofi
the single-bubble slug-boiling model included as an oPtziim in SAS1A. The new
version was sinrilar to the models of Cromenberg, et al.4> and of Schlechtendah!’6
and included an explicit calculation of vaporization of a liquid film remaining
on pins after veiding, of condensation in colder regions, and of vaporization
or condensatiun on the liquid interfaces. This single-bubble model was appro-
priate for situations involving higl: superheat,

However, early calculations with superheats lower than 70°C showed that the
lower liquid slug heated well beyond saturation, indicating that additional bub-
bles should form. This rxxdel then was modified to allow a aew vapor bubble to
form in the liquid coolant at any point where the liquid temperature exceeded
the local time-dependent saturation temperature by more than the criginal super-
heat criterion. It also was observed that, because of the high rate of vapor
production and the resulting vapor velocities, large axial pressuce gradients
should exist in a large vapor bubble. For this reason the model was modified
to account for the pressure gradients and the resulting multibutble model was
included in the standard version of SAS2A and in SAS3A. Figure 5 indicates the
conceptual basis of the model. It allows the formation and contirued presence
of a number of bubbles in a chamel and follows the butbles either as they move
up a charnel and collapse (or reach the exit) or as they become sustained and
void the chammel.

One-dimensional Eulerian equations for the upper and lower liquid slug
(or the whole charmel before boiling starts) are written in the form,

S
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Fig. 5. Conceptualization of the SAS multibubble model.



vhere ¢, is the liquid density, G is the m: 's-flow rate, 1 is the pressure, g
is the dcceleratioun due to gravity, and (bp/sz)¢ is a friction -essure gradient.
A lumped-paracter wovsaatum e r.ion for both upper and lower 1.juid slues is
obrained Ly integr=ting Eq. (2) over the lerrsth of the clig. Thre fixed grid

used with the vapr © repgion “ave < this something of a cutired fulerian-Lagrangian
schame .

For small bubbles, the jressure drop within the butble is ueglipgible wnd
the bubble groth is determined by coupling the morntirs equations for the Ti-eid
siugs with an energy anc ~ass balance in the ! . »le, as.uming sato-ation oo L
tions and spatially uniform pressu - and temperature. In the case of large
bubbles, the voids can extend ove: regions with considerable axial surface tem-
perature variatic and the subsequent vaporization and condensation can cause
high vamror velocities. This acceleration and the frictional effects are ac-
counted for in an axially varying vapor pressure model. In this model, the
vapor pressure, termperatures, and mass-flow rates are calculated at fixed nodes
within the bubble and also at the lower and upper interfaces. This uses a sim-
ultaneous solution of the rapor cells mamentum and continuity equations with
the mamentum evuations for the liquid slugs setting the boundary conditions at
the interfaces. Heat flow through the liquid-vapor interface is ignored in this
model and the vapor velocity at the interface is assumed 2qual to the interface

velocity. 1In addition, the pressures across this interface are considered
continuous.

The SAS2A model accounted only for film drycut by vaporization, but for
SAS3A a moving film treatment was added to account for film stcripping by vapor
shear. The frictional pressiur: drop in the vapor is increased due to the for-
mation of waves or instabilities on the surfaces of the films. This is accounted
for by using a vapor friction factor, f., in the form

F.o=f |1+ 300 Mg (W + 15t'3) 1
: o} q_‘(l + ‘rzj '

(3)
J

f = single-phase friction factor,
W. = liquid film thickness on cladding,
Wq = liquid film thickness on structure,

_ surface area of structure
'2 ~ surface area of cladding '

D. = hydraulic diameter, and
.‘-‘If = user-supplied multiplication factor.

The resulting larpe shear force on the liquid film tends to lead to early local
drvouts.

To obtain nurericil stability for reasonably larpe time steps, an implicit
differencing schane is used, with the resultant simultinecus set of eqiitions
solved by Gaussian elindnation. Time-step control i{s used when vapor pressures
in any cell incre~se by more than 107, during a cycle. The reduced tire step,

‘t, 1s calculated from the oripinal time step, Lty and the fractional increase
in pressure, ’'p/p, by

't = 0.075 ¢t TEBT . (4)



The above procedure gives good results while allowing sufficiently large time-
step sizes to render the calculations econumically feasible. Overall, the
SAS3A sodium boiling model has provided a relizlle solution techriique, partic-
ularly for loss-of-f1~ conditions, which has proven to ¢tand well in campari-
son vith mumero.s in pile 1NF exjerivents, such as in Refs. 47-49.

The basic aspects of the model are being retained for SAS4A, but refine-
ments are being :nade, as discussed in Ref. 50, to extend its range of validity
and to provide a :more sophisticated solurion techmique. The new SASLA mndel
(1) acrounts -z wisly for th coexisterice of swi.m va; r and fission egas in
voided regzions; (2) allows heat transfer fram dried-uut cla-ding to the sodium
vapor/fission gas mixture and superheating of the vapor; anu (3) accounts for
both spatial and temporal flow area chenges, including those given by the
cladding motion model. The numerical method used to solve the vapor conserva-
tion equations is a mulctic t generalization of the original Implicit
Contirmous Eulerian rethod.5l As in the SAS3A moving film model, the vapor is
coupled to the moving liquid sodium film on the cladding as long as the film
remains. Both models essentially provide a two-velocity field (vapor and
liquid) treatment for an annular flow regime. A camparison of the models for
a calculation of a TREAT LOF test is given in Figs. 6 and 7. Despite varia-
tions in voiding profile oscillations, the overall behavior is very similar.

3.2 Cladding Relccation

In analyzing an unprotected loss-of-flow acci.dentﬁ2 tor FFTF it was recog-
nized that, under the expected relatively constant povwer condirions (the FFIF
sodium void reactivity effect is small), cladding would melt sore 2-3 s before
fuel melting in the subassamblies that first voided. Thus, although there was
no direct experimental evidence of such an effect, it was reasonable to assume
that the molten claddi.g would relocate (possibly moving out of the heated re-
gion), freeze, and plug. The first suppositicm was that the cladding would
drain downward and plug below the fuel region. However, following a susgestion
hy Fausked3 it was recognized that upward sodium velocities could be high enough
to cause flood (wave formation), and the resulting high friction draz would
lead to upward cladding motion similar to the sodium-film stripping effect in-
cluded in the SAS voiding model. This could then lead to cladding freezing and
an initial plug formation above the fuel region, followed by draining and plug-
ging below the fuel regiun fram cladding that melted later.

In addition to the mechanical effect on sodium voiding and fuel dispersal,
cladding relocation can have a significant reactivity effect and a significant
thermel effect in that reroval of the cladding heat sink allows fuel terpera-
tures to rise more rapidly. To analyze cladding relocation, the CLAZAS module39
was developed for inclusion in 5AS3A.

This model uses an explicit calculation of the motion of tolten clad driven
by the sodiun-vapor pressure gradient and fricticnal drag. The physical picture
is one of discrete clad sepents that can cambine by moving o.er other clad
sepments, Each segment moves under the forces of giavity, che chamel pressure
gradient, the frictional drag due to streaming sodium vapor, ana the friction
between moving clad and the fuel pin. Feedback effects are included to mudify
the coolant-charmel sodium-vapor friction, the conlant chammel hydraulic diam-
eter, and the sodium-vapor flow area. Heat-transfer cffects are calculated by
including relationships describing the heat transfer from moving clad to sta-
tionary clad and from stationary fuel to moving clad, as well as a variable
viscosity model for molten claa as a function of intermal energy. Cladding
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Fipr, 8. ClLAZAS calculation of L2 TRFAT experirent sliwing cladding blockape at
top and bottaom of fuel celurm.

A Imrrewed medel, CLAP, 42 was developed after CIATAS and 18 being included
n SAdeN,  ClAT uses .m Euleri:m formulation rather than the Larrmyimn-style
Lilling sewments use ! in QAZAS.  Its pradictions of smaller upper cladding
Loices as nrmared to CLAZAS are In better agrearentd® wirh the obsersations
o e more ;‘rou tvtlc R-series TREAT LOF experiments.

3.3 Picl toriom in Voidad Sihissarblices

A carm and quite reasosible asaurprion in ~any fast reactor accident
aralvses has been that fuel, driven erly by yr-Mt" sl'ey as {t relrs. This
vz vhe basle assuption of the early H.-Lhc ~Talt analvsis, L uhich assured
whe teecore uniform slhaspling, wder gravity to prov hsg a cnserviative bwnd for
reactiviry insertion rate. Gopinath clnd Dic! ermvn?? developud early slirping
nercoherence arguments hased on radial power distributions for FRR-11 HDA
analvses, Because the mechanistic rulticharmel cades include this noncetercerce
effect directly, the amphasis during the last decade has bteen on including the
several forces other th.m pravity that can act on fuel as it becumes motlle,
clther before or afrer initiation of melting. These forces include sodi'm
vipor pressure gradients and shear, fisslhfn product pressures, and steel and
fuel vapor pressures. The SLLMPY mndule®!l in SASJIA and SASID was the first



mechanistic model to include all these effects, albeit still in a sameshat
prretric frshimm,

SL2PY provides a one-dimensional campressible-hydrod;marics calculation
ard can be used either to supply detailed in‘tial conditirms to a “E1S-II or
otler tw-dimensiovnal disas:embly calculation, or it can ‘e uswd directly as
a Jisassembly code within rhe limitation of one-dimensional rotimn (implying
intacr subassably rcometry). Tn most SILTPY calecilatioms, fuel metion is as-
cred to be iniriated when melring begins in unrestrictured fuel,

As the fuel melts, individual axial fuel serments join the ''slurped’ re-
gion trcated in the SLLMPY calculation shown in Fig, 9. Unmelted fuel above
the slirped region can fall into or be pushed out of this slurped region. The
urelred pin below the slumped region is assumed stationarv. Both the upper
axd lower solid fiel segments restrict the area gvailable for the slurped re-
aion. Axiallv limiring boundaries for the slumped reaion are dependent on user
inpuz: or if Cl,S7S is used, the boundaries may be determineu Ly tne time-
dependent positions of calculated clad blockages.

Firure 10 shiws a SLIPY calculation of the TPEAT LA experiment. This
carly calculation shows "'eructations' of fuel similar to those indicated Ly
TREAT hodoscope measurerwnts. In this SLLMTY calculation, the irposed heat-
transfer assuptions led to these eructations being induced by steel-vapor
rressures. Wiether this or other mechanisms such as fission pas release cause
such observed fuel dispersal events is still a subject of ruch discussion fa
rood review of fission pas effects 1s given hv Deitrich in Ref. 56). SUMPY
provides a frimework for ineluding several mechanisms, with the notable evcep-
tions rhat treasent of massive fiel swelling prior to meltirg or a "chumk
trearap” mode of fuel disruption is difficule.

Mre of the recessary aspects of HCDA hvdrodimieic models s thre contimied
crersy ycenerition by fission and subsequent material vaporizarin preeiles a
agntinued intermal driving nressire for the momentum et Lons. It addition

FALLING

SEGMENT

SLUMPED
v (COMPRESSIBLE)
:.'.:.I REGION

LOWER
STATIONARY
FUEL
SEGMENT

Fig. 9. Rallally enlarged geometry showing fuel motion in a SLUIMPY calculation.



17 S TT caleslation of 1A TREAT eperiment shawing eructation induced
Ly steel=vapor prossire.

e melodng the comseration equations for a rulcicormonens svstam, the rate of
ey coeneratiy ! its tromsfer aumg the severil pessible caponents rust
he wwplicitly accewred for, wirth a feelinck to thh pressure rielld in the
et cquatim throsth the equation of state. Th SILNTY equation of state
[nelvdes steel Ciron) and fuel N2) vapor pressure and uses fission pas or
soelign vapor pressure as a background pressure when steel and fiiel vapor pres-
wates owe L Liegadd carpressibility (s includad whon single-phase conditions
are roached,

SUITY wns the flrst rulticaponent HCDA analvsis addel to accomt for
Vol serarite velocity and cnerpy fields with morentum and heat transfer be-
coeen the flelds,  Several asarptions covcerming viscous and friction effects,
drae ferees in a suspension, and heat trnsfor to the stricture were anploved
toy preeedle o wifficient mrter of equitioms for mrerical seolution. Slip is
alliwed betsven fMe! particles and fission pas, but two-phare steel/fuel-vapor
mintares are treated as haormeous [low, Far the firs case, a netesorthy
wirslifieation {8 that the fissirm ras inertial term is neplectea; that is, the
Fi<demt nyg rweentom eiation {8 treated in a quasi-steady-state fashion,

The inftial solution technique used in SLUTY was an Fulerian formulation
wi*h emplicit time-differencing; but as 18 vemeral’v true for Fulerian methods
('mless special techniques are used), -iefinition of marerial interfaces proved
dit{culr.  Also, a scvere meerical stability problam arose in repions of
Eich-pwer density underpoing, rapid fuel vapor expansions.  For such reasons,
the Milerfin approach wns abandened md an explicit Lagranpian approach with
mosh resoning, ws aploved.  Rezoning, in SUMPY takes place when an addicional
fiuel nade setisfles an inftiat{im-ofamotion criterion.  If material rapldly
vaporizcs and the mesh cell grows, the pressure gradient is spread over a fairly
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srpe region. If rezoning then is performed using cornstant intervals, the
pressure pradient at tie .op and bottom of the cell .s increased . «imtially,
causing rapid acceleration and cawpression of slower roving cells. This problem
was resolved by performing the rezone so that cells have a certain minimum mass,
irstead >f a minirm length. When the grid-mesh is rezoned, the field vari-
ables are transformed by a linear interpolation between the old and new mesh
stricture.

Tre minimum mass require.ciit also ;s significant in ti~e-step control,
which is based on a Courant condition.?/ When a cell with a small amount of
vapor is corpressed, the volume (or linear dimension :n this one-dimensional
formulation) is reduced substantially until single-phiase conditions are reached.
Thus, the denaninator of the Courant mumber (the spatial mesh) is reduced sig-
rificantly, requiring a cerpensating time-step reduction to ensure stability.

SLPY is being replaced for SASLA with the LEVITATE model,® which pro-
viles a more consistently integrated treatment of fuel, steel, sodium, and
fission gas dynamics in voided or nearly voided regions of channels. LEVITATE
trcazs fuel morien inside dismmpting pins and, as a pin becomes campletely dis-
rarted, the chirmel treatment includes three velocitv filelds (a liquid fuel and
steel field, a solid fuel fracmont or chunk field, and a mixed vapor field) in
an Eilerian mrid. The solution technique is explicit in time and 1is coupled
intesra’ly to the liquid sodiim slug calculation in the channel. LEVITATE,
rhrourh including various fuel brealup modes, several flow regimes, cladding
and scrunture ablation, fuel-stceel mixing, and fuel-steel mixture freezing,
raoes most of the maleling liritations of SLUPY. Because of its similar
explicic mrmerical treament, hawever, it is not lively te decrease corputing
tires sinmificantly.

3 4 Fael Pin Failures

Several possible modes of fuel pin faiiure (i.e., cladding failure) .an
ocaur during a Jisruptive acclident. Scme are relatively sirple to predict,
such as cladding rupture due to plemum flssion gas failure or cladding melting
followineg drout Juring soddum boiling. However, the prediction of claddirg
rooure during: an unprotected transient overpowers accident is more difficult
xmd s been the #ubject of considerable modeling ard experimental effort. A
central problem has been whether fuel-cladding relat ive therral expansion or
translent fission was release fram the fuel and intc mal pressurication is the
major contributor to cladding damage and failure.

A stralphtforward malysis of relative thentil expansion, a:suming elastic
fiel and elastic-plastic claddirg, was included in the DFErORM-I madel of SAS1A.
DFFOIA-IT in SAS2A, and as an option in SASIA, provided a similar analysis but
included an elastic-plustic fuel treatment and allawed treatment of a central
vold nd transient fission pas release. However, it did not allow for radial
cracking of the auter part of the fuel pellets and the resulting loss of
strength, particularly inportant vhen hipgh pressures from fission ras release,
fuel expansion on melting, aad fuel vapor pressure cccur in the fuel central
reision,  Also, a reliable high-tenperature failure criterion based on plastic
cetormation was not available during the time SAS3A was developed.

For these reasons, a "burst pressure' fallure was included in SAS/FCI.
This assumed pin intermal pressures could be transmitted directly to the clad-
ding (with a l/r loss) throuph radially cracked and strengtliless fuel. Unlike
'he tharal expmsion loading mode in which cladding, strain relieves the load-
ing, the loadings caused by transient fission gas pressurization are not



sufficientl’ relieved by local cladding deformations. Thus, an ultinate strergth
failure criterion (the burst pressure) rather ithan a strain fa..ure criicerion
was used in SAS/FCI.

Both DEFCRM-II and the burst pressure criterion model in SAS/FCI have
serious limitations, and several models have been developed that remove these
limitations. One of the first of these is LAFM?3 vhich uses a -ladding life-
fraction damage correlation to predict failure and has been verified by compar-
ison o0 a large mmbor of TPEAT TOP experirments. LAFM calculaticns huve indi-
cated that depending on transicnt conditions, either tnermal expansion, fission
gas release, or a combination can be the cause of failure. A similar model,
DEFCRA-III O° has been developed for inclusion in SASAA.

3.5 Fuel ifotion/FCIL in Unvolded Chamels

Farly analyses6o of a mild overpower transient HCDA in FFIF assumed that
if the fuel pins failed at the midplane, plermm fission cas release through the
failure could cause rapid voiding, leading to a pra-pt-critical transient and
core disassembly. This mechanism was recopnized to be unrealistic, and later
mdeling concentraced on developings a more consistent scenario for the phenarena
following fuel-pin failure. The FISFAX model®l was used to evaluate a scdium-
in prorpt-critical transient in FFIF and was the first to include the effect of
sodium-induced fuel-covlant interaction (FCI) dispersive fuel rotion. This
concept, along with more realistic estimates of fuel-failure locations, wvent
into the nodels used ir later FFIF analyses These anilyses indicated that a
hvdraulic fuel-sweepout mechanism could terminate mild reactivity transients
well before pramt criticality was reached.33 Calculations with the SAS/FCI
module®0 in SAS3A also indicated early termination, althouzh in toth cases the
nodeling originally was developed to provide a realistic estimate of the reac-
tivicv insertion rates as initial conditions for core-disasserbly calculations
rather than to predict carly accldent termination.

SAS/FCI 1is essentially a 'point' or luped paraeter model as oppesed to
the cne-dimensional vaiding, cladding motion, and fuel motion models in SAS3A.
SAS/FCI intoprates the effects of fuel/fission gas mixture expulsion into flow-
ing ligquid sodium, the thermal 'Interactizn between molten fuel and sodium
(based on a Cho-Wripht parametric model24), condensation of sodium vapor (noted
to be important in an early analysis of Cronenbers62), sodium slug ejection,
and the resulting sodium and fuel motion reactivity effects. Cladding failure
time and location can be set by input criteria using fuel thermal conditions,
althiowh SAS/FCI also incl'ules the internal pin pressure failure criterim
noted above. Althouh the fundimental madeling ermloys a hmped-parmmeter
tredasment for taperature, pressare, and sodium density in the interaction
zome, a pseudo-Layranglan model is used to treat fuel motion. In this model,
the fuel moves with a velocity found by linear interpolation of the interface
velocities of the oo constraining liquid sodium slugs. Fuel motiom inside
the pin is treated by assuming a wniform decrease in density. It cin be easily
emvisioned that this overpredicts the positive reactivity effect of intermal
motion {f the failure is at the core axial midplane. Conversely, nepative re-
activities are overpredicted with away-from-midplane failures.

The numerical method of SAS/FCI uses explicit time-differencing of a single
ordinary differentinl emuition describing the interaction-zone pressure. This
single equation was derived analytically fram the mmentum equations that
couple pin intermal and coolant chamnel pressures and the FCI zone Internal
ecerples, Back substitution is used to vbtain other Jdependent variables.



Although small time staeps generally are required, the method still is quite
efficient.

then pin failures and fuel-coclant interacticus occur as calculated by
SAS/FCI, resulting high pressures In cthe coolant charinels are felt instantane-
ously in the inlet plemun (the liquid slugs are assumed incampressible). Rapid
irlet pressurizations can be calculate!, narticularly when many subassemblies
are in the chamel um.erp,omg the FCI process. This pressurization tends to
increase flows in other charrels and to delay heatup. Aithough it is urrealis-
tic to includr this coherence enforced by lumping —any subassemblies together
and assuaing that all pins fail simultanmeously, the possibie importanr of this
effect led to the treattent of prima.v loop pressures and flow rates included
in the PRDMAR-II moduleb3 of SAS3A, and more recenrly, PRIMAR-IV in SAS4A.64

A primary limitation of SAS/TCI has been its inabiliry to treat fuel ex-
pulsion into partially voided regions of a charmel, as is typical of same chan-
nels in an ULOF overpower condiiion (the LOF/TOP syndrame). This limitation
and its unrealistic predicticms of fuel not:;m reactivities have led to develop-
ment of the one-dimensional codes PLUTCOS (a lagrangian code), PLUT0243 (Fuler-
ian), and EPIC66 (Eulerian, Particle-in-Cell). Both PLLTO2 and EPIC have been
or are being coupled to a version of SAS (EPIC in SAS3D and PLLTO2 to be in
SAS4A).  Figmwre 11 shows a camparison of SAS/FCI and PLUTO2 calculations of
the TREAT 13 experiment fram Ref. 5,

These models provide tie onlv available mechanistic treatment of what is
termed as loss-of -flow-driven transicrt-overpower (LOF/T0OP) conditions. 1If,
in a loss-of-flow accident, voiding, claddirg relocation, and/or fuel sluping
do lead to a sufficiently high overpower (iNP} condition, pins in colder sub-
assarblies can fail with fuel expulsion inre licuid sodium. If larce positive
reactivities result following near midplane f-»ilures, autocatalytic behavior
can be calculated, i.e., the hirh-pawver levels cuusc more rapid pin failures,
in&icing higher insertion rates, hicher power levels, zna even_more rapid pin
failures (m\b/FCI overpredicts this Lff"\.t) PLLTO2 predicts67 that such auto-
citalytic behavior is ruch less lik:ly (him given Ly SAS/FCI predictions,

,/SAS3D/SAS-FCI i

FUEL REACT/ITY (S)

) L L ) S—
240 360 480

TIME (ms)

Fip. 11, (‘,an{‘mrisnn of SAS/FCT d PUTTOL pestfailure fuel reactivity fewnld-
back calculatioms.



4.  DISASSEMBLY MODELS -- VEEUS-II

Numerous hydrodynamic disassembly models have been developed. They ali
share the basic approach, first proposed by Bethe and Tait,l of treating the
core naterials as a hydrodynamic fluid. Early models also assured that the
material densities rema‘ned constant during disassembly to facilitate analytical
solutions of the equations.

The first model to provide a direct numerical solution to the m:ltidimen-
sional hvdrodynamics equations was the VENUS® code developed at Arporme Nation-
al Laboratory (ANL). This represented a significant advance in capability be-
cause the inclusion of an explicit calculation of the material density changes
allowed the us £ a more accurate dens}ty-dependent equation of state. The
current vers " this code, VEUS-IT,/ will be discussed as an exarple of the
tectmiques ‘he disassembly area.

The hydr. _mamics equations are solved in r-z Lagrangian coordinates. Be-
cause the grid mesh deforms with the material, mass conservation is merely ex-
pressed by

Y
c’o

R , (5)
v

where o and Vi are the density and total volume of the mesh cell and - and Vg
are the initial values.

The radial and axial accelerations of each mesh point are calculated from
the mmentum equations

1 .

fa-’._%.g_ and Z =

)

L, (6)

whera r and 2z are the Eulerian coordinates of a given point in the Lagrangian
grid mesh. The pressure, p, is the sum of the pressure obtained from the
equation of state and the Von Neumarm-Richtryer viscous pressure.

The momentum equations are solved with an explicit, first-order, finite-,
difference techmique previously used in hydrodinamics codes developed at LASL=7
and in the REXCO dmuge evaluation codes to be discussed later. 1In this ap-
rroach, the positions, velocities, and accelerations are associated with the
mesn points, while such quantities as the pressures, densities, and internal
¢cneryies are assoclated with the mesh cell centers. A detailed development of
the finite-difference equations wid solution stratery is presented in Appendix
B.

As with any explicit numerical calculation, the time-step size must be
controlled properly o ensure a stable and accurate solution. The requirauents
m the time-step conrrol are made especially stringent because of the density-
dependent equation of state used. When single-phiase conditions develop in a
mesh cell, the result ing pressure 13 an extremcly sensitive fumction of the
intermal enerpy and density.

The influence on the time-step size can be appreclated by considering a
time step during which a cell being compressed passes from two-phase to single-
phase conditions. As soon as the cell volume is decreased to the pcint where
all the vapor spice is eliminated. a large resisting pressure should start



developing. Because finite time steps must be used, the usual simuation is to
reduce the volume somewhat beyond this point. This causes the compression to
be overestimated. If the time steps are too large, the resulting pressure in
the carmpressed cell can then be greatly overestimated.

The VENUS-II time-step size is controlled using the stability index

2 "
v Eptea Gy ™

where ¢ is the speed of sound, A the mesh cell area, V the specific volume, and
'V is the change in the specific volume during the time step. The time-step
size, t, is adjusted to leep the maximum value of w for all mesh cells within
erpirically determined limits.

In general, the cime-step size must be kept very small (< 10 us) whenever
single-phase conditions are encountered. This does not seriously restrict the
analvsis cf energetic eicursions, as the time scales that must be covered are
of only a few milliseconds. Fairly long ruming times are required for mild
excursions that involve extended single-phase pressure conditions, however.

4 significant limitation of a two-dimensional Lagrangian disassembly model,
like VEOUS-II, arises because it carmot easily calculate large rmaterial dis-
placements. The model “ecomes inaccurate and eventually unstable when the
distortion~ of the grid mesh grow tco large. This restrictior is not irportant
in analvzing an initial energetic burst because the power excursion is normally
terminated bv a relativelwv small ocutward displacement ¢f the fuel. Only a few
centimeters of displacement occur before the power has decreased to insigrificant
levels. Althouch the lagrangian calculations can be extended to larger dis-
rlacements using rezoning techniques (chis is done in some REXCO calculationms),
numerous other carplications, such as the interaction of the evpanding core
rmaterials with the sirrounding structure, rust then be considered.

5. NEUTRONICS

thile far more effert has gone into refining mume.iz~! met-~1, ror steady-
state neutronics analvsis of fast reactors, neutron kinetics also has teen an
area of comsiderable interest. Ullost fast-reactor accident codes have used
point kinetics (irn particular, SAS3A and VENUS-II); but more recentlyv, rulti-
dinensional kinetics methods are caming into wider use.

n$ is well known, wvhen material density changes and the resulting flux
shape and spectrum chanyes are snall, first-order perturbation thecry and point
nodel kinetles are adequate. Generally, point kinetics is sufficiently accur-
ate to predict necutronics behavior during injitiating-phase events before sub-
st:antial fuel rotion. Similarly, in a classical core disasserbly, large nega-
tive reactivities and neutronic shutdown result from relatively small outward
motions and, again, perturbation theory and point kinetics are sufficiently
accurate (as was assumed in the original Bethe-Tait analysis). Some space-
derendent effects and differences in diffusion and transport theory can be
foumd even In the two cases noted, hut more Iimportant effects occur with the
larre fuel motions typical of large-scale fuel slumping or dispersal in the
Inftinting phase and of the gross fuel motions occurring in the transition
phase.

Two approaches have been taken in adding space-dependent kinetics to fast-
reactor accident analysis codes. For one, direct finite-diffevence methods have



been developed (e.g., one based on an. explicit exponential extrapolation method
to solve the two-dimensional multigroup tirme-dependent transpecrt equations was
included in SIMER-I). The second approach began with the '"improved quasistatic'
method of Ott and Meneley59 and provided the first two-dimensional time-dependent
multigroup diffusion equation solut:.on used for fast-reactcr accident analysis.
This pethod was used in the FX2 code,’0 which was coupled to the original VEXUS
code.’l This particular combination was not very useful because the small dis-

piacements allowed by the VilUS Lagrangian treatment did not lead to significant
s’*ace-dependent neutronics effects.

Tahe quasistatic method factors the space-, energy-, and tirme-dependent flux
(1nc angular-dependent in the case of transport theory) into a gradually devel-
oping time-dependent spatial flux shape and an amplitude function, that is,

(x,ELE) = (X,E,t) T(t) .

This form is substituted into the appropriate diffusion or transport equation,
is weighted (generally with the stationary adjoint flux), integrated over all
irdependent variahles except ti.e, and is normalizec or :, such that

ff;:':(;.;,E_O) f(X.E.t) dxdE = con<rant .
Vv

An ordinary differential equation for T(t) results. This ecuation has the form
of the usual point kinetics equations and specifies how the basic parameters

can be calculated from the sparial flux shapes. The flux shapes can be calcu-
lated with conventional steady-state flux m:thods with scme source terms added.

Because this method makes maxirmm use of existing static flux shape calcu-
lational methods and becavse it requires a minimum of full space-dependent flux
calculations, the improved quasistatic method has been adopted for both SAS4A
(as a two- or three-dimensional multigroup diffusion theory solution) and in
SDLER-II (as either a rultigroup diffusion or Sp transport thecry two-dimen-
sional solution). In recent epplications of SCIER-II, both full space-dependent
kinetics and a transport theory treatment have proved necessary for certain
transition phase problerms.

6. GEERAL CORE DISRUPTION AND EXTENDED MOTION -- SDMER

The ultimate goal of the material motion analysis for a core-disruptive
accident is to describe the fuel motion until a permanently subcritical and
coolable configuration is attained. This provides initial conditions for dar-
age evaluation and postaccident-heat-removal calculations. In many cases,
this irmvolves removing a sizable fraction of the fuel to a positim well
bevond the irmediate core region. For accident sequences that do not proceed
directly into a gross mechanical disasserbly, this remcval process may occur
over many seconds and may involve complex i.nteractions with the structure sur-
rounding the core. Because such codes as SAS and VENUS-II were unable to ad-

dress this problam properly, the development of several new models was
instigated.

The limited Lagrangian methods led to the development of the extended
material motion codes, such as TWOPOOL and VINUS-III at ANL and SIMMER at LASL.
These are all based on the Implicit Continuous Eulerian (ICE; two-fluid method
developed by Harlow arnd Amsden and used in the KACHINA code./3 VENUS-III and
TWOPOOL, with their emphasis on numericai efficlency, are very useful for a



class of problems. Because SIMMER-II has a broader range of applicability
achieved by including a structure field and all core marerials, it :rill be the
subject of the further discussion here.

The SDMMER (8, Implicit, Mulrifield, Multicomponent, Eulerian, Rec. .tical-
ity) development effort was begun in 1974 to provide a general mechanistic code
franework to address all the disruptive accident analysis events occurring be-
tveen those covered by the multicharmel codes, such as SAS, and the damage
assessment codes such as REXCO. One of the initial objectives was to provide

a tool for resolving questions of recrviticality’4 following core material ex-
pulsion after a mild disassembly. However, the SDMER modeling framework was

made sufficiently general to allow studies of transition phase development.

SDMER-II is a coupled space- and time-dependent neutronics and multiphase,
tulticomponent Eulerian fluid dynamics computer code designed to calculate the
two-dimensional (r,z) motion of LMFBR core materials during a core-disruptive
accident. The neutronics calculation in SIMMER-II employs the quasistatic
method to solve either multigroup diffusion or transport equations in two
space dimensions (r,z) and in time. As an option, the point kinetics equations
may be solved. The fluid dynamics calculatioa solves multicorponent, multifield
coupled equations for mass, momentum, and energy conservation. (A field is e
set of materials having the same velocity discribution.) In ST2ER-II all
vapor corponents have one velocity and all liquid components have arother veloc-
ity at a given space-time point. The two fields are momentum-coupled through
drag terms. In addition to the two moving fields, a ''structure field" is in-
cluded to account for still-intact solid materials. Mobile particulate solid
material also is allowed in the ''liquid' field.

Each velocity field contains several camponents, and each compenent is
described by density and internal energy distributicns. To account for diffe:r-
ent enrichment zones and different degrees of burtup, the fuel marerial in
SLIER-II can be separated into fertile and fissile camponents. For exaple,
in an LFBR fueled with mixed urarium and plutonium dioxide, the fertile compo-
nent can be approximated as depleted uranium dioxide and the fissile corpon-
ent as plutonium gioxide. ‘lhese two corponients are modeled by two distinct
density distributions, but, because thev are intimatelv mixed, only one enerev
distribution is necessary to determine their cormon local terperature. A con-
trol material component that usually is modeled as boron carbide (B4C) is needed
to treat the neutron absorption effent of this material and its thermal inter-
actions with other materials in the reactor core. A fission gas component
also is included, not only to provide pressure when it is released from the
unrestructured fuel matrix to the vapor field, but also to account for the
presence of noncondensibles in the phase transition models. Thus, STIIR-II
has six basic components: fertile fuel, lissile fuel, steel, sodium, control
material, and fission gas. A separate accounting rust be made of materials
ttot melt and then freeze either as particulates in the liquid fuel or on still
solid structural corponents (the can walls, for exarple).

Figur: 12 sumarizes the STIFR computational and medeling framevork,
Within ruch fixed (Eulerian) grid mesh, considerable modeling detail is allowed
throw .. the multifield calculational technique; thac is, liquid and vapor flow
are treated with separate conserv.ation equations and the structural field is
used for solid elements (intact fuel, cladding and wire wraps, control rods,
and subassembly can walls). Subassembly can walls, if intact, restrict radial
rotion between cells. In this way, the methodolopy can encampass a rultichannel
treatment as with an initiating-phase code such as SASJA. Radial motion is
1llowed when can wa'ls are calculated to fail as occurs in a transition phase.
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Fig. 12. SII{IR modeling framework.

This modelinz framework allows the inclusion of ener-v and momentum ex-
chvinre between almost anv phase (solid, licuid, or vaper) of any corporent
(represented only as sodiar, steel, and fuel in Fig. 12) and ancther phase of
the sane cormponent or any phase of another camporent. This i{s indicated in
Fie. 12 by the arrcws. The liquid phase is represented here by dispersed
dropless in the contiruous vapor field, which is a mixture of camporent vapors.
The medeling frir ework also includes mass exchianpe between all phases of most
carponents (oovious exceptions are that solid sodium and solid or liquid fis-
sion a0 are not included). Thus, structural components, including fuel, clad-
ding .nd con wall steel, and control material ¢m melt, bepin to move, and
vrentually vaporire,  Similarly, vapors cun condemse and limuids can freene,
all as dictated by heat-transfer processes end cnerpy cmservation.

re rulticomponent field equations include mrwerous coefficionts, ecnerally
as qmaletical functions, which medel miss evchanpe, manentie exchigyo, and
ey excharye anong, all the corpments, Usially, these are incladed in the
form of pencrally accepted aryinecring correlations, such as heat transfoer
relations of the frm

b ™ PafapTa Ty o

vhere a4 and b earld represant two phises of the sane caoponent (noneeuf 1 i fran
is allmand), two caponents in the sime phase (except that only one averaye
wipor eneryy and taperature are used), or two camponents In two phases (such



7. CONTALIENT EVALUATION METHODS

The Reactor EXcursion COntairment (REXCO) codes were developed to analyze
the response of LMEPRR primary systems to core-disruptive accidents. An early
version of REXCO-H’3 provided only a two-dimensional hydrodynamics analysis.

A later version, RE‘CO-KEP,10 also included the elastic and plastic deforrations
of the reactor structures and carmwnents.

The equacicas of mes? 1 are treated with the same two-dirensional Lagrargian
forrulation discussed earlier for the VEELUS-II code. A main difference is in
the equarion of state, as the REXCO codes deal prircipally with sodium as a
working fluid. In addition, an Eulerian formulation was developed to facilitate
tke calculation nf larger degrees of material motion. This code, ICECO,76 also
is based on the ICESl forrulation. The convective tems in the mass equation
and the pressure gradients in the momentum equation are evaluated at ad-anced
times. Elimination of the mass-flux between the mass and rcormentum equatioms,
in condurction with an equation of state relating cdensity and pressure, reduces
this set to a Poisson-type equation.

A newly Jevelcped "ecl“.:*.i:;\.xe77 for adapting ICFCO to !iundle moving bound-
daries (vwnick is stralghtforard with the lagrangian codes) treats the reactor
vessel boundary as a locus of nodal points as in RESCO-HEP. ‘Movement of these
peints mayv be the result, for ewrple, of fliid irpact that deforms the vessel
bordary. The meovement of this Lagrangian be:ndarv then is mapped onto the
fimed Eulerilan gprid, providing the regims at which the hvdrod:mamic boundary
conlitions rust be satisfied.

8. CORIFICATICH CF VHOIE-CORE /f2@L7STH CLZES

The many models discussed above have been tested arainst experimental data
nzing several differant approachtes. The SAS code has rot been tested in its
full fern; insread, tic scparate models were campared to data from intepral
coperiments performed with a few (1, 3. or 7) test pins in the TREAT renctor or
with 19 and 37 test pirs in the Sodiun loop Safety Facility (SLSF) .oop in the
Fouwinearinn Test Peactor.  Generally, the ;al has teen to achieve reascomable
qunirative agrearent with the test data, particularly reparding cladiing and
Hiel »otion, For the sadium boiling model, cuantitacive apreaent of volding
rate fas been achicved bhoth foz out-of-pile tests in the OTFPA liop and in-pile
reseries 7-pin tests in TREAT. 7 Asrree'.:c-nt with 19-pin LOF tests in the
S5 loop in the EIR s also pood 48,4

ro tme=deperriont quintitative itaaverailable for cladding relocation.
Herameer, the madn obiecnive of cladding relocatiom sxdlels s to predict the
timing and locatiom of blockage forratim.  As noted earlier, a reasmably
suceessfal test wis achioved with the oriephingl CIAAS mndel when Lt proedictal
wper cladding blockapes in the TREAT 12 test. Howneer, the (LAAS model tonded
te overpredier apper bladkape in the Tonyer pin R-Serfes expoeriments. The never
CTAP model to Le releasal in SASMA predicts  =aller opper blockares, in better
acreant with the tests,

verification of SLIMPY has been nere difficult, as the miy fuel rotim
S avat Lable are those fran the fast neatron hadoscope at the IRFAT reactor.
SHTPY calenlat ions have bem toned to fie the relatively rapid eructatims of
el obrerved by the hodoscope ina mpber of TREAT tests, The first exwyple
of this was the coparism noted earlier of a SLMY ealculat{ion of the TREAT
U4 experizent . In these caleularions the cladding was assured to rawiin on the
el and wms mixed with the fuel after motion was inftiated. The heat -transfer



as iiquid stecl to solid intact fuel pellets). As is usual with such gereral

e tions, considerable care rust o0 lrto the s,0ciffec h, A, and T cumtizics
ueed. This 1s particularly true in the ST27FR frrewerk. not only tecause nf
the many componencs treated, but also hecause tl.ese terms contain all the rodel-
irg information; for example, there is no starlsrd yeumetry that fixes the in-
terfacial areas. Even the stricture field gr vetry and the resulting areas
it be included throush input pararezrrs. ihis lea's to sare ircoamivrce in
s :ting up analysis problers, but allaws "uch:.1e flevibility than fixed rom-
¢*ry models. As v ople, a disparse'- roplic flow reglice is the roxinal
rerime used in Sulik-[I, hut other fliw regires can be medeled Ly using agpro-
priate exchanze functions. The major limitation is that chargzes from ore regime
to another camnot be treated in a single caiculation.

The SCTER-TT fluid dynamics mumerical methods are tased on rhese of the
FACHTW program, +hichk was the first to use the implicit muleificld merhod.
The methnds were exteded considerably to treat the man: camporents and =ore
carplex cxchange process models included in SDTFR-1..

The fleld equations are differenced in space using a partial donor cell
method, The full set of spatially differenced time-dependent equations is
solved in three tasic steps: (1) calculation of the intra-cell erxchanye fiumc-
tions and rates (most of the intra-cell rate eguations are selved implicitly),
(2) an eplicit calculation of the spatialiy differenced continuitv and emer. v
crations and portions of the momentum equations, and (3) a corplete LTlicis
cialeulation of the continuity and mrentm emuations (except that rorent'r « -
vection is treated wplicitly), and the pressure (fram the equaticn of state).

For two-prase cells, an important part of the first step is an implicis
calenlation of che liquid dronlet size, based on several criteria incl.lire a
local Weber maber. The inplicit iterative solution schame couples the Wiler
ruber criteriomn, the liquid vapor drag correlation, and trmcated versioms of
the momentu equations, This L plleit schame stabilires the drrplet size cal-
culation. The sir;le-size (for each component in each mesh cell) droplet re-
striction provides only a crude approximation to the corplex flow ropolerics
likely to occur, but the droplet size does vield an interfacial area deporlent
on the relative velocity between liquid and vapor, which {s {rportant to twth
the crergy and meomentun exchinge processes. The phase transitisn rates, also
derendent on droplet size, are also calculated partially in an {mplicic =amrer,
althoyh not In the pressure iteration irmmrolved in the third step of the €1 )-
Jurvenics solution.

Step twn, the =plicit part of the flufd daverles calculation, prevides a
relatively straiphcforward first solution of the contimiity and ererev erui-
dmsg. The third step s similar to the pressure {teration used in YAGHITA
althegh madified samewhat. An eplicit step is taken on the mrent'm equi-
tims to calculate first-iterztion advanced-time=-stop nrventim fluxes, An
lterarion on the advianced-time pressire, density, and velocity disreibae fon
Is mide using the contimuity and mnentum aquations and an enuatlon of state
(there are both analvtical and tabulae optioms incluled for the varlous equn-
tims of state nealidd). The mementum convection terms are included explicitlv
to avold the full nonlincaricy.

Mnmerous time-step controla exist in SCHMFR-ID, incliding, thoese to accomet
for rapid phase transitions.  Becanse mmoentum convecticn s treared explicitly,
a Courant Vimitation on material velocity (but not seand speed) resles,  That
fs, material counot be comcected more thin ore mesh in a sfiple time step, but
there 1s no similar restriction on presswre wives.



assur ..ti.ora “ETE S «ch that steel vapor pressures began moving fucl at about the
time of the ob erved crucration. In this case, the final confirurazion of the
fucl was calic ati '&1" similar to that observed in posttest neutron raciographs.

Despize same i cesses in fitting experirmental data, the large uncertainties
in —re fuel brearup, fission oas release, and heat-transfer parmreters in SLUPY
do not allow a unigue set of ,..arzru ers for reliable extraprlation to other test
cordizins, The new ""I"'"“ molel, which is much :are mechanistic than SLUPY,
is being rested arinst TRFAT evperiments and may permit sih extrap~lations,

Tl -"".:"'.c-‘;:*.t data baze "'"e":a i~zies still e.f.'st o defintoa timing ane —oles of
el rellet brearup and of fission gas release, however.

Z:TR cede veriflcation has proceeded wizh a conplertely different approach.

Zecaise no reactor taterial tests are available on relevant STCIER rerires,

mry simuiant matcrials tests lurve been analvzed. As noted earlier, the SDITR
caleuliazicn:]l formalism is differont frm that of codes like SAS. STIER

solves whe conscervarion ecuations at each mesh cell at every time step. There
are nn special subrourires for corput specific pherarena; for exarple, rhe
cruitim set used te cirgite heat transter fram a fuel pin to liquid sodium {n

a cherel al so is veed © -+ cagute liguid-fuel to lif.,uid-sa.i'.. heat transfer.

frlv zhe exchanse cocfficients vary, Because no qpccinli od sutroutires com-
~ite wuch '_.".i_'“"-. as freezing, wporization, cladding motion, fuel motion. or

fucl-coelant interactims, STIIR verification rests prx... cinmally on proper
rerresentation of the evchaye nmetions (heat trans or and Jdrag coefficionts

ToroerTple). These anhanse fmetlons 1re o l...uJ rmoony Dneering correla-
vims vhar are aprlicatle only over '~o"'LL‘. ic limized "'m:-cq rhus SZITR can
Pest be verificd omly over these specific ranes. Vs conclasiom kas led to

seatine FITER onlv Sor osrecific '|cci-lu:‘.'. ;*:--!.1:!":‘.

e The fnivig] @TUIUE ve :".t’::a*"nn effore has Yoo onoetended u:-:'p-\nsims
vl i P T beere disaszadlics, This u""‘.\-is oo atogt fre the
SUTER resmilesed dndicatins that the svotam r"“c-'.ic ererey follwdne a prrv"\t-

erivical tuarst in the GRER would te ru'! wed —any fold "xm an Ldeal isentroplc

cgoeni ., For exieple, in CGFER, a Finetic enerew of about 10 1 is nusmi-
aroiwinh modantropic egansion to the cover=ras vcl're followlng a "nidud-
core dD bl e VLooahoue a §75/7s veesrate, SODER cal malares a swstom
rilatie enery at the oo or -y volipe of abewit 5000 Thes berarlce x'u!\:cr‘~~x\
inrinetic cerey Ls arised by both  fluid dimirles effucts and rate-controlldd

\qlq-*_

v tined to .malv::g scale rqpansion experi-umts perfurreld at the
Ao Fescarch 1:'.~r ftute (SR1)79 to test lts .lbill"' to ¢ |1LUL ite the hwdro-
duaaricy of labhle cemnsions, M" er e minor mearical methed moedifications,
RIS }“H”L\ul vhe wxperinantal results with excellent aceuracy .50 ir‘..ll.:lr
atlraes of Pardae Pnivers i'" b 'Ju\ nitreeen bubble expr m v:-c“erl"unt-;n and
of CIa merorls o 59 showe peod aprednens u-.wpt that shock flnms frw1 hiyh
pren sy n..un 100 20 ] bicher) edpasions in the COVA e erbeats are
eared by the SEUER Eqlerioan L_drn-!:.':..:' fes formmlation,

SHTIR also has boen used rto breest brate rather Hadiesontal ludd dmvmices
rr Ploes dnelndinge sinele-hase shock propacation, o rmce: lempth efects in
e fvar flow, ad steady Lesinar flow, Clhese results heve beon doamented in
Pef, 83.)  In eeneral, the resules nf these Yasfe phestes ealailatioms are ex-
coellont over the flndd drveifes revime fram Lesbione to supersondce Flaw,

Biied on all of these aalyses, the SRR hvdrodiavesices fermilation {a
felt to he veritiodd) for the u-1=m'~l-u tvpe problons, but verification of the
rate effects in expansfon problam {8 Incoeplete. Recently, SDEHER has been



used to calculate several experiments having significant rate effeg;s. These
include Oak Ridge narional Laboratory é’f RNL) FAST/CRI experiments,®? the SRI
1/30-scale flashing-source experiment, 0 sandia prapt-burst excursion (PEE)
e:-:peri:ner\t.t‘.,’36 and the Purdue MEGA flashirg-source a:-cperi:nents.87 In the last
case, good agreement could be obtained only when a nucleation-site density
model was alded. In most other cases, the corparisons are sufficiemtlv reasenm-
able (given limited experirental data) that model charges are net justified.

C-erall, STTTR has been quite thormuchly tested for the Bl le erpansion
nroblems. One reraining problam with the STTER modeling framevwork is that
the Fulerian solution leads to ''mumerical' mixing. The mixing effect is de-
pendent on mesh-cell size and is exaggerated when large mesh cells are used
because the necessary averaging of quantities within the cells tends to ecui-
librate tameratures too rapidly (or at least normechanistically). Tris ef-
fect may not be simificant in the small-scale experiment analvses because of
the necessarily srall mesh cells used, but it could be a factor in extrapolat-
ing "verified" rate effects models to full scale. Testing for other than ex-
ransion pretlems, such as those of the transition phase, has been very lirited.
Ore eicep-ion is that SCITR was used to calculate,88 relatively successfnl’w,
the TRIAT R7 test for the full span of sodirm bolling, cladding relocation,
and fuel motion.

Verification of Jisassavblv codes has be. cormplicated by the fact tihat
no dizassarbhly transient experimerts have been performed on LWFEPs. There
have been, haovever, a limited meber of disasserbly tests perfomed on ocher
reactor vvres.  Althourh these reactors differed marvedlw fyaman LIFFR, rhe
dita obtained have provided a basis for experimental validation of LTTPR dis-
assarbly codes.  The most aprlicable of these tests are the FIVI-TIT, 59 StaPTRAL-

2, and ©APTRAI-3D eqerirents.

The SOIMTAL wiperiments vere porformed on S0 2/10A reactors. These
reactors had small cirvconbm-hedride cores with fully enricted wranim. The
STAPTPANSD test was perfomaed in the open atresphere with no coolant present
in the cove. Rapid reactivity insertion was achicved by modifeing the normral
torri b e emrrol «dine drive mechaniams to allow for extramely hich-speed
roeatian, A cotal roactiviey of $4.91 was inserted.  In the SWimPAl-) wper-
ment, the hervlliom reflector/control assanbly was replaced by a nevtron-
Abserting Binal sleere,  The core-sleeve assably was then placed {n a larve
trow of water. A praptecritical excursiom was inftiated by the rapid awnnl
of the sleeve, with the consequental increase in neutron roflection, A net
reactivies of 31,60 s achieved 'pon sleeve rerxnval. The core was full of
bt coolane durdne this test.

The FTUT-TU0 tost woo the most enervetie d wssarbly experirent araflatle.
[rwas perfomed onoa o modif fed KTWT=B-4E veactor. ‘The core was fueled with
fally enviched uranbe-dicarbide beads disporsed in praphlte assieblios.  The
Acces b s nfriacel by the ropll rotation of tervlom control dnees tiat

S5l An e rotal veactfeivy Loty of 80300 The test vas perforeed with
- ceolant present {nothe corve,

All three of these reats were analvied with the VI21S-T1 c(\k‘.n'z To apply
ceode te these reactors, roddffeatfong wore made to the equatiom of state
awd U heat-cap ity Spet{ons to aceenet for the core rarerlals not aomally
Soennd fn RS ALL orher aspect s of e code, tnelading hydrodsynaenics .ind
voint Vinevies calenlationsocepe veod withont modif{cat fon,

The VIZUS-1T code accurately predicted the power history and total fissim
eneray release (n these three esperiments, The most inpourtant calculated



results, the total fission energy releases, are compared to the neasured values
in Table I. The calculated fission ene"gies for the tvo SIAPLPAN tests fell
wichin the uncertainty range of the experimental data, but the code overpre-
dicted che KIWI-TNT experiment by 25%. Additional analysis of KIWI-TNT, how-
ever, showed tis discrepancy could readily be explained by huat-transfer ef-
fects assnciated with the reactor's beaded fuel (a ccmplicaticn not present in
an 1J5ER).

‘rmerous pararetric cal.tlatiins also were perfc:—ed that deonstrated
the relative inscnsiclvicy of the VEXUS-II results to reasomable uncertainties
in the key parameters. In the SNAPTRAN experiments, the most sensitive param-
ecers were those related to the temperature feedback effects that were daminant
in these excursions. This 1is similar to the situation found in energetic L FBR
excursions where Doppler feedback is usually the dominmnt effect.

Ban-i.ng unforeseen feedtack effects, the code should be even more accurate
+hen applied to enerzetic L'F3R transients.93 This is because the vey param-
cters (heat capacity, terperature coefficient, and equation of state) are
relativelv bette-r lrovn for .1 LYFER. Ttus, the good arreement cbserved in
these eperimential corparisons lends considerable confidence to VIEUS-IT LMTER
dinnssably annl:'ses.

e PEICO cades have re;eu cd thornugh testing of both hwdrodimirics and
sumesial methiods By conparisons to FEIr reale model exverirents rerformed at
SRI™ and to SIR-300 sc-\le rmodel experiments pericrred at Ispra.®d Figure 13
shaows RiIZICO- and ICECO-calculated plastic. dcfo aticens for a thin vessel Ispra
eoreriment. This indicates quite rood arrecwent, and similarly zood arreaent
vas ohtained in the other camarisons roted. REY (‘H- nd ICFCN-¢calculated hydro-
duinareles parameters (prcssures fluid impulses) loth show need acreement, which
is Lcresting because of the larre difference 1n 'ho mrerical fmmulations,
WiaU0 Lelny an explicle L ranvian cade and ICECO telny a saui-Leplicit Fulerian
coale.

frerall, experimental verification of VA analvsis cndes has procceded
sioviy, Generallv, hedrodimamices and structural dimeeles medels deal iy with
relarively clearly defined problams, swceh as sodiom bellinge and Leare comse-
qantces (wich as vessel -leformation), have fared well in experimental corpari-
BTS, I mrre r'plev rhenomenological siruations, wuch asx Hwel pin disruption,
crhirad Sl md claddine motion, and transition p"..l-e branies, treatment of
X ¢ l‘“L Ated an (.. chiny; i ,emetrles nd multicorponent --ulL.pL\se flows rakes
mechun i~*h releling much more difficult, his, coupled with a lack of ade-
rmate Le from dn-reactor experiments and the near-irpossibiliry of performing
el eponens shealint (vxrurl:' ents with intomal beat penceation, means that

TADLE T
COUTARTGON OF ATIUS-TT GAATTATIONS WU PEPERIEINVAL TATA

Fxpoeriment al Calculated

Fawryy Release Fnerev Release
et A <) ¢ 8
SATIRAL-L .0 - 471 47.0
SAPTRAN- ) 0.7 - 613 1.7

RIWT-T0T BOW). 0 = 98890 12350.0
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File, 13, REXCO/ICFCO cerparisons for defornations of a thin test vessel.

toeal verifica~ion Is i=probable for some time., Hewever, most of the modeling
{s at least to bnically credible, and the codes still can be used to determine
the sensitiviey of irportint results to madeling uncertainties, Also, sarme
conclusions on cladding or fuel motiims based on specific analvses ¢:m be veri-
fied by intepral reacolelty measuraents, such as in the SLSF loop, ratler thim
by verlfeing rthe modeling itself. Of corse, care must be tuken {n v polat-
fne such conclusions to the full-senle reactor case.

9, CONALUSIONS

The ecembination of SASID or SASSA, SDMIR-IT, and RFXCD or ICECO, as
represunting the state of the art in HCDA analyais techmiaques, penerally con
provide a reasonable treatment of complete HODA seriences.  Other codes, Jde-
veloped fn the US or {n other couneries, also can €1t {n this combinat fon of
state=of-the-art codes; but SAS, SDHIR, and REXCO provide at least one set of
detalled codes for seralpht-throuph caleulations of most disrmpt fve aceidont
sequences. Mach roming to be done In inproving medels and corputat fonal of -
ficlencies ind in verifying the cades, but defensible analyses are foasible,
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APPEDIX A
SAE PASIC COUCTPTS Ly INTERTCAL ADALTSIS

Al LIERODUCTG

Several rrrerical concepts and methiads are referred to in the reacror
safety corputer cade deserirtioms in Chaprers 13 and 19, This appendix pro-
vides ntroductory back.reund miterial on soee of the muln concepts.

A.2 RIVTEY OF BASIC CLICIFTS

Finfte difference eqatims, Finite difference techniques are used to
trans fom Qifferintinl eqatlong (nto coupled sets of alcebraic emutims that
e be solved with rhe standard aritlmetic md lovical operations available
In Jdiiiteal eemgmuters.  In carrving this cut, a netwerk of mesh (or prid) points
is estahli hed threghout the domain ocaupied by the nde endent var{ables,
he wariables and ceation solurfon then are dofined at the mest, iints or at
intopolated positionms betwveen ihom, The ermmtiong then are written for these
resh pofnts with the dfferential operaters approxicated by dference oxpres-
siems {nvolving the variables at nefpbboring resh points.

Falerim vs Tagrampg {an coordintes.  Fludd daumies et fons cian be
solved ngorleally In teo different tpes of prid mesh coordinate systans.97
In the lagrangian approach, the prid mesh s assumed to rove with the flutld.
Thus, a piven mesh cell containg the sme fluld threuphout the calculation,
™is approach is depicted in Fip., Al where we {1llustrate the deforration that
={pht result fivm an applied central pressure.  As lay as the displacoments
are relacively aall, \:R.ls approich eian work very well,  As displacannts be-
came larpe, hawever, the mesh ce'ls can becore hiphly distorted. In fact,
nefehboring mosh points can cwen cross wver one another, vesulting in mesh
celis with an “hourplass' shapa. When these larpe distortions occur, the re-
sults typleally are fnncourate. This difficulty can be cirenvented somewhat



bv techniques that periodically regularize the grid. These technaines are

generally quite corplicated and introduce errors into the calculatic 1 each time
they are applied.

The use of Lapraneian crordinates can offer distiict advartages for certain
t.tes of small-displacement hvdrodvnanics calculations, however. For exarple,
rmazerial interfaces can te realily retaired. Also, the mathwatical formula-
tion is ruite simple. This is illustrared in the developrent of the "EILS dis-
assanbly code finite differrmce emiaticrs presented in ~pperdix B of this
crapter. The problem solved by ViidlS 15 well suited to Lagrangian coordinates
because core material displacerencs of only a few centimeters are typically
required to terminate a prarpt-critical neutronics excursion. The Ligrancian
coordinate approach also was used in the early versions of the PE{CO drraze
eraluation ccde. A later version of the code incorporated mesh cell renormal-
fzation to facilitate the analvsis of larger displacarents.

In the Fulerian approach, the grid mesh is fixed in space and the fluid
is allewed to move from one mesh cell to another in response to pressure grad-
fents. This {s {llustrited in Fig. A.2. This txpe of approach is ruch hetter
suited to hedvodimadces problems where large material displacements are caleu-
lated. For ewrrle, it has heen used exclusively in the LR swstems codes lis-
cussed in Chapter 13. All of the more recent L'FER codes discussed In this
chapzer are also Eulerian.

The Falerian approach dees have some inherent preblams. For exarple, . in-
terfaces are Jifficult to resolve precisely. There is also a tendency for
arcificial manerial divfwion, As marerial diffuses into a resh cell, it is
radliately weavconioad throushout the cell (In hasic Fulerian treatroents),  Ic

-
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Fip, A2, TlHustration of Falerlan coordinate approach,



can then start diffusing thrauph the cther mesh cell boundaries during the
nixt time step. This can result in small amounts of material diffusing through
the g id much rore rapidly than the material can physically move.

Some more complicated schemes have been developed ttat try to corbine the
aiminzages of both apprcaches. In one such scheme, the Particle-in-Cell (PIC)
~vzhod, ™ the contimucus fluid is replaced by a set of liscrete Lagrarlan mass
noints called particles. The motion of these particle. throurh a fixed Eulerian
mesh 1s calculated.

Explicit vs irplicit. 1To illustrate the difference beteen explicit and
imeliclt dfferencing schemes, consider the following parabolic equation??

2
. - U(;:'") = -u(‘::.Q_ v = costmt. (A-1)
e
1€ w» wish to solve for u(x,t) nurerically, we can superimpose a sril mesh with
;rid line indices of J and k in cire t and x dirvections, respectively. This
notation is illustrated in Fig. A.3. Let the solution at point (j,k) be de-
noted as u_1 K

Suppose we have the solution un .o tj and we now wish to advance it to
ris]. 7o do this we must put kq, :A-1) {80 finlte difference form. Ore way
rado this Ls to starg at peint (7,1) and use the fellowlong central difference
erpression o e/ xe

U, 4,y = U Uy y, = U U, yq = 2U +u
s[fm Mt ] 1L e M e

-3 ~

'kJ_I.z
rq-

If we use a sinple forvard ddfference for the time dervivative, we -brain
\ -1
RV L2 S
‘t t

Poaraion (A=) then hecanes
Y, (A=)

Sl epression dnvolves the poiets In the erid sesh lepicted in Fip. ALD.

ALl the quant L fos it oot ocrier ) oare boong therefore ths enly umbneen
I vy (vhich s point D in Fivo AV Thus, Fgo (A2 o be explicitly
solved for u Kk This tvpe of differenciny, approach {9 therefore referred
to g v:q\liult.'

1he matn el with expticit tectniomies {s one of stability. For

raemle, Lt can be shown that sclut lons obtained with Eq. (A-D) will only re-
mrin stable if



Fig. A-3. Grid mesh reprPsenting Fig. A-4. Grid mesh representing
explicit differencing implicit differencing
aprroach. approach.

el

T-pically, this criterion forces the time-step size to be ruch smaller than
would be required to control the truncation error. Thus, although explicit
tech*-que., are camputationally simple, the restriction on time-step size only
rakes them practical for problems that cover short-time intervals. An explicit
approach can be successfully used in reactor disassumbly codes such as VELS,
because a tpilcal disassambly calculation only covers a time interval of sev-
eral milliscconds or less.

s consider a new difference representation that 1s cu.tered on point
te1,k). If "2u/'xe is approximated avoin with a central difference expression,
: u/:t s now represented by a baclkward difference expression, the result

'_._.-—

('x)

The points invelved in this difference schame are shcm in Fip. A4, MNow Lhe
values of u at pelnts A, B, and C are all unknown. Although Fa. (A-3) carmot
be solved explicitly for these unknowrs, it can be written for all of the
pntnrs k-1, 2, ..., n, resulting in n linear equations in the n unknowns

Upag ke The se cquations can then be solved with standard murerical matrix
toch .nim_.es Such an approach is said to be implicit,

Yial gl T 24 e Yy kel | ('“J+1 kY (A-3)

Althouph corputationally more complex, irplicit techniques can tipically
televate rmuch larrer time-step sizes than explicit techniques. In fact, most
prely inpliclt formilations c:in be shown to te stuvle for any time- 4tuB size.
In the sani-implicit .-nﬂm.uhuq camoenly used In reactor safety codesltO (these

usually use a dunor-ce tec.hnlque where sume of the differencing Jdependds on
the Jdirection of the flow), the time-step size must satisty the so-called
Courant condition,

t- e

where v {8 the material velocity. This {s mach less restrictive than {s ob-
tained for explicit approaches.
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A mumber of advanced implicit techniques have been developed. (e that
has found considerable application in reactor safety codes is the Implicit
Contimuous-fluid Eulerian (ICE) technique.51 This tectmique was Jeveloped for
rultidimensional flows at all flow speeds. It features an irplicit treatment

of density in the equation of state and of the density and velocity in thc mass
eguation.

APPEEDIX B
HYDRODYIAMICS DIFFEREXNCE EQUATIONS AMD SOLUTION STRATEGY
FOR VEXNUS AND REX.CO CODES

B.1 TILTRODUCTION

This appendix gives a detailed exarple of the different equations and
solntion strategy :sed in a reactor safety camputer code. The appendix in
Crapter 13 discusses an exarple of an irplicit-Eulerian technique, so we have
chesen to Jevelop an explicit-Lagrangian exarple in this appendix. For this
pupose, we wlll discuss the rumerical teclniques used to solve the hydrody-
nmics equations in the original VEUS (disassembly) and REXCO (d.raps evalu-
ation) codes. This method vas previously developed and used at LASL.98 The
Javelomrent prescribed here will follow that given in Ref. 101.

B.2 DIFFTRIZTIAL EATIONS

As the hidrodimrumics equations are solved in Lagrang!an coeordinites, mass
conservarion is expressed merely by

]

- 'V’t—‘ ’ (F"l)

where . and V. are the density and total volume of a given mesh cell and .
ard V' are thé initial values. Fquation (B-1) sirply folles from the fact
that “nach mesh cell contalns th sime material throuvhout the calceulation,

The equations are solved in two=di onsiomal (r-2) seometrvy rosulting in
the following rmxmentuan epations:

1
ERR and R L (B-2)

Here, r ad z are the Fulec! . cordinates of a glven point in the Laprayian
arid mesh, P is the pres ace, ol the dots refer to time dfferentioasion,
Ttus, these cquat fons pive the acceleration of the Laprangian prid points that
result from avpropriatelv averaged pressure gradients.



B.2 DIFFERENCE EQUATIONS

In developing the difference equations, the notation depicted in Fig. B.1
will be used. Because the Lagrangian grid moves with the fluid, it will be-
come distorted as illustrated in the figure. The mesh points (the intersec-
tions of Lagrangiar. grid lines) are identified by a pair of integers (I,J).

The mesh cells are identified by the integers of the lower left mesh point (in
the undeforied Lagrangian meshes); for exanple, the mesh zore ODHA is idlentified
as ~cne (I,J). Positions, velocities, and accelerations are assurmed tc be as-
sociated with the mesh points; they are identified by the mesh-point integers
as subscripts. Specific volumes, densities and pressures, strains, an: in-
ternal erergies are assumed to be associated with ihe cells; they are iamti-
fied by the mesh cell murbers as subscripts. The times t, t + At, and £ - °t/2
are identified by superscripts n, n+ 1, .ndn + %. The latter also is usea

to identify the change in a quantity betwe.n th and tmtl. there appearing,

the superscript O derotes the initial value of a quantity at the start of the
protlem.

In the Lagrangian formulation, mass conservation is automatically satis-
fied. However, a mass ecuation is reeded for the computation of the new density
.. vhich is used in the momentum ecquations and in the equutiom of state. This
caputation is performed as follows:

Fiy, B=1. A tvpleal mesh point (1D with the adfacent sones and points, {1lus-
trating the notation used in the finfro-ditference equations.,
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The area of the deformed mesh ODHA 1s the sum of two trianples AMD and
AD:

Aa TALt A
where

y ! - 1 -
Apma xR = gllrgy y - r P a - Ay

[ES 1

- (rI'J.Ll - I-'LJ)(ZH_]_'J - zI,J)] . (B_B)
and

5

1
x D = alry g4y - Ty o)) Grey gt P, e

L]
i

/

B (rI"'l-.J ' rI"'l..H-].) (zI,J+1 = z'[+]_ J...l)] . (P-%)

naaiveln of Has, (B-1) :md (R-2) for .\1 and A, yives
1
e}

fp g Clyel 0ol = %1,37F1a1,0 = 71,041

- (.":..1'."1 - rI'J)(::I‘_l"’ - :'.['.:L1)I! , (?1-5)

Seoalre Vol aguletlveral Is caleoihized S

-
I

BT I INERS I (¥-£)

ware ¥yl the radius of the contendd of the area Ap g A reazenable approx-
destton U ler mederte Jdarernions s .

4 ! ]
SRR AL IS S URTI UL S TS N IS PO U PO L (1-7)

cthe Sinbe dTerence form of Fa, (%-1) {s st

€,0)
noo el
! Wt ' (R-8)
|

S vartg e gt oz are par {nro fnltosd{Cormee nafnye the PLeine Yothad,
i o Tavlerts e bon Yertve pointa 0 and 9, Daed 0, 0 el 70 and D
Aelds foar cat o of the fom

[ 1] e . P . P l . A
ll’ ln [} (,.gi - ..,)‘ -..'_ U ('5 - r())l'r 4 ?(-.5

) )
T .
' "" ) . ;..'..\ ('.r, - r()) TN i ?l.(r|3 - rn) L ] ¢ v



where terms of rhird and hiprer order in (zg - z,) and (r5 - rp) have been
aitted. ik svstem is overdrrermined for °:P/ -2 and P/°r. One methnd of
ranoving the overdeterminacy is to solve first for (Pg - P;) and (Pg - Py),
vhich gives
) .2
Ps - Py = (25 = 2 L + (rg - 1)+ 0 (2 - 250",

2

+ 2P )- +'2—P[( .
T (Fg - T ey * 7 L75 - 29) 159
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